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Abstract
Background: Primary stability of the graft is essential in anterior cruciate ligament surgery. An optimal method of 
fixation should be easy to insert and provide great resistance against pull-out forces.
A controlled laboratory study was designed to test the primary stability of ACL tendinous grafts in the tibial tunnel. The 
correlation between resistance to traction forces and the cross-section and length of the screw was studied.
Methods: The tibial phase of ACL reconstruction was performed in forty porcine tibias using digital flexor tendons of 
the same animal. An 8 mm tunnel was drilled in each specimen and two looped tendons placed as graft. Specimens 
were divided in five groups according to the diameter and length of the screw used for fixation. Wedge interference 
screws were used. Longitudinal traction was applied to the graft with a Servohydraulic Fatigue System. Load and 
displacement were controlled and analyzed.
Results: The mean loads to failure for each group were 295,44 N (Group 1; 9 × 23 screw), 564,05 N (Group 2; 9 × 28), 
614,95 N (Group 3; 9 × 35), 651,14 N (Group 4; 10 × 28) and 664,99 (Group 5; 10 × 35). No slippage of the graft was 
observed in groups 3, 4 and 5. There were significant differences in the load to failure among groups (ANOVA/P < 
0.001).
Conclusions: Longer and wider interference screws provide better fixation in tibial ACL graft fixation. Short screws (23 
mm) do not achieve optimal fixation and should be implanted only with special requirements.
Background
Anterior cruciate ligament (ACL) reconstruction has
become one of the most frequent procedures in
arthroscopic surgery of the knee [1]. For many years,
arthroscopic bone-tendon-bone reconstruction has been
considered the gold standard operation in ACL surgery.
In the last decade, the use of double looped hamstrings
has been growing in popularity among arthroscopists.
Excellent results have been reported with this technique
[2,3], without significant differences between the out-
comes of both procedures [4].
However, there is some degree of controversy about the
increase of knee laxity during the first stages of the post-
operative period after the use of hamstring tendons. Four
bundle hamstrings grafts have more resistance than nor-
mal ACL and BTB grafts [5,6], but the primary fixation
obtained by the use of an interference screw between
bone blocks and bone tunnels is supposed to be better
than fixation obtained with hamstrings and any other
device.
Looking for a device that allows the use of hamstrings
with a solid primary fixation has been the challenge for
both, orthopaedic surgeons and bioengineers. This ideal
device should be biocompatible, respectful with the graft
and easy to insert. In addition, it should allow the place-
ment as near as possible from the joint space to avoid/
decrease the windshield-wiper effect and should be able
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Page 2 of 8to allow motion, weight-bearing and close kinetic chain
exercises (CKCE) from the very early stages of rehabilita-
tion [7]. During the last years, new methods of fixation
have been developed on this basis.
Bio-absorbable implants would add the advantage of
avoiding hardware permanence, intolerance and need of
removal. In addition, these implants allow magnetic reso-
nance explorations without misrepresentation of the
obtained images [8].
However, there is some degree of discrepancy concern-
ing the screw/tunnel ratio and implant length that should
be recommended for an optimal primary fixation of the
graft [9-12].
The purpose of this experimental study was to test the
primary fixation obtained with a specific type of screw
and to determine the effect of the screw/tunnel ratio and
implant length in the resistance of the graft to traction
forces.
The primary hypothesis of the study was: "For a deter-
mined tibial tunnel diameter, longer and wider screws
provide better fixation of the graft"
Methods
Forty rear limbs from young female or castrated male pigs
were used in this study. Pigs were sacrificed at an indus-
trial slaughterhouse after being stunned with CO2. Rear
limbs were vacuum packed and stored refrigerated (4°C)
for 24 hours and then manipulated at room temperature.
Tibias and flexor digitorum profundus tendons were dis-
sected from the rest of the tissue.
Tibias were placed in a holder and a 8 mm tunnel was
performed with the Stryker® ACL instrumentation. The
direction of the tunnel was from the medial cortex of the
proximal tibia to the lateral side of the anterior half of the
medial tibial spine.
For each case, two flexor digitorum profundus tendons
were selected and prepared to compose a double-looped
graft with a cross-section optimal for the diameter of the
tunnel (8 mm). The Stryker® ACL Workstation was used
for pre-tensing the graft and a 17 lbs (75,62 N) tension
was applied.
The looped tendons were passed through the tunnel
forming a four strand graft and then fixed with Biosteon®
Wedge interference screws (Stryker®) of different lengths
and diameters. Screws were inserted until their rear end
was at the level of the entrance of the tunnel (at the
antero-medial cortex of the tibial shaft), a 1 mm nitinol
guide wire was passed among the tendon bundles for this
purpose. There was no protrusion of the tip of the screws
at the articular surface of the tibia.
Five groups of testing were conformed, with 8 different
specimens in each group. In all of them, the tunnel diam-
eter was 8 mms but the screw selection was done accord-
ing to the following distribution:
Group 1: Screws of 9 mm diameter and 23 mm length.
Group 2: Screws of 9 mm diameter and 28 mm length.
Group 3: Screws of 9 mm diameter and 35 mm length.
Group 4: Screws of 10 mm diameter and 28 mm length.
Group 5: Screws of 10 mm diameter and 35 mm length.
Tests were performed with a Servohydraulic Fatigue
System (Universal Testing Machine Instron® 8800). A spe-
cial fixture was designed which allowed accurate posi-
tioning of the tibia for applying longitudinal tension to
the graft. A metal pin was passed through the loop
formed by the graft and a second fixture was placed. Load
and displacement were controlled and analyzed by the
specific Instron® software.
Figure 1. Test arrangement
Specimens were peak loaded to failure at a rate of 2
mm/min. This speed causes a slow load increase, which
according to ASTM (American Section of the Interna-
tional Association for Testing Materials) standards is
appropriate for testing static friction, as it sets the lowest
limit for pull-out resistance, since dynamic friction is
higher.
Figure 1 Test arrangement. Specimen adaptation to the Servohy-
draulic Fatigue System (Universal Testing Machine Instron® 8800) with 
a special fixture designed for this purpose.
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out of the graft) or failure of the graft (elongation) were
evident according to the resulting data (shown in real
time in the computer monitor).
Figure 2. Elongation of tendons without pull-out.
Statistical evaluation
Descriptive statistical analysis was done with the deter-
mination of mean loads, standard deviation, median,
minimum and maximum loads for each group. Confi-
dence intervals (C.I.) for the mean value of the load at
95% were obtained applying the Student's t-test for a nor-
mal distribution of the sample.
Analysis of variance (ANOVA) was performed for test-
ing the differences among the five groups. A post hoc
pairwise comparison was done with the Fisher's pro-
tected least square difference test (PLSD). Differences
with a significance level of P < 0.05 were considered as
statistically significant.
Results
The load/displacement type curve for the tests where fix-
ation failure was observed is shown in Figure 3. In this
curve there is an evident load decrease at the moment
when the graft bundles begin to slide through the tunnel,
the load decreases continuously as the sliding progresses.
In the case of graft failure due to fatigue of the tendon
fibers, the final of the load/displacement curve is differ-
ent (Figure 4); load smoothly decreases when stretching
of the graft begins and a rough and sudden load fall is
observed when the first breaking happens.
Relevant results for each group are shown in Table 1.
In Group 1 there was evident fixation failure (graft pull-
out) of all the specimens. when a load of 295.4 N +/- 7.92
N was reached. C.I. (286.94, 303.93).
In Group 2, the born load was 565.3 N +/- 90.93N, with
4 cases of evident fixation failure, and 4 cases of graft fail-
ure. C.I. (496.45, 631.65).
In Group 3 there wasn't any evident fixation failure (late
slippage in 3 cases, but with loads higher than 600 N and
after elongation of the graft was evident). The obtained
load was 617.45 N +/- 11.99. C.I. (602.16, 627.74).
In Group 4 there wasn't any cases of fixation failure,
with graft failure in all the specimens. The reached load
was 650.13 N +/- 22.8 N. C.I. (619.06, 683.22).
In Group 5 there weren't any cases of fixation failure,
with elongation of the graft in all the specimens. The
reached load was 665.6 N +/- 38.47N. C.I. (630.84,
699.13).
These differences in the load to failure among the
groups were significant (ANOVA/p < 0.0001). The pair-
wise comparison (Fisher's PLSD) showed that, when
comparing group to group, differences in the mean load
to failure were significant except when comparing group
3 with group 4 and group 4 with group 5.
Figure 5 shows the evolution of the load depending on
the tested group with the confidence bounds.
Discussion
In ACL surgery, primary stability of the graft is essential
for allowing early rehabilitation during the post-operative
period and a solid fixation of the graft in the tibial tunnel
is required for this purpose [13-15]. In this study, experi-
mental testing of a screw tibial fixation for hamstrings
tendons has been performed. This device is designed for
four-strand grafts; this surgical technique has being gain-
ing ground on bone-tendon-bone procedures because of
its low morbidity and good results [2-4], although two-
bundle grafts have demonstrated to achieve enough sta-
bility [16]. Bio-absorbable screws have evident advan-
tages [8]: they provide similar or even better fixation than
metallic screws [17-20], causing less damage to the graft
[21] and without interfering with the graft incorporation
process [19]. Zantop et al [22] reported less laceration of
the graft with poly-D,L-lactide (PLDLA) screws than with
titanium screws, the results were better when a compos-
ite of PLDLA and Tricalcium phosphate was used.
Post-operative stability of the graft is essential during
the first stages, after four weeks collagen Sharpey-like
fibers begin to develop in the bone-graft interface [23]
and biological fixation will be established. Synthesis of
these fibers from postoperative formation of granulation
tissue is easier in tendinous grafts than in grafts including
bone blocks [19]. Thus, key for success and knee stability
depends on the capability of the fixation device to allow
weight bearing and early mobilization of the knee.
An optimal study design should include human young
fresh cadaveric tibias, but this kind of specimens are diffi-
cult to obtain and are destined to be used as allograft. The
Figure 2 Elongation of tendons without pull-out. When no pull-
out was observed, tendons suffer elongation as fibbers begin to fail.
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with low bone mineral density (BMD) and poor fixation
strength [24-26]. For these reasons, the use of an animal
model is an obvious solution for a controlled laboratory
study. Porcine knee models have demonstrated to be a
good alternative to cadaveric bone [27-29]; whereas
bovine models are correlated with higher traction resis-
tance than human [29-31] or porcine [28,30-33] models.
In the tests performed by Nagarkatti et al. [34], the aver-
age density of porcine bone was similar to that of young
human bone, and significantly higher than that of elderly
human cadaveric bone.
Biosteon® is a biocomposite made out of Poly L-Lactic
Acid and Hydroxyapatite which increases the biocompat-
ibility of the implant and provides osteoconductive
potential [35]. This wedge-tip interference screw design
(Figure 6) facilitates its insertion even with screws of
diameters 1 or 2 mm larger than the tunnel diameter. On
the other hand, the wedge tip design makes the diameter
of the distal third of the screw smaller than the diameter
of rest of the screw. There is less contact between the
screw and the bone walls in the proximal portion of the
tibial tunnel. During the experimental testing it was obvi-
ous that the shortest screws (23 mm length) were the
ones that obtained the worst pull-out values (slightly less
than 300 N). This difference was significant (p < 0,0001)
when comparing group 1 with any of the other groups
(Table 2). These values wouldn't guarantee proper fixa-
tion during the postoperative usual exercises [36,37].
With 28 mm length screws and diameter 1 mm wider
than the tunnel (9 mm) there was a mean bore load of
564,05 N. When increasing the length to the screw to 35
mm a significant increase (p = 0,0293) in the mean peak
load was found. Even better results were obtained using
screws with diameter 2 mm wider than the tunnel, with
no significant differences between 28 and 35 mm
implants.
These results are slightly lower than those reported by
Kousa el al. [18] in a similar porcine study, but in their
paper there were two main differences: they used a bone
tendon-bone type graft, and they performed their peak
load tests at a rate of 50 mm/min; which measures mainly
dynamic friction. In our tests, the rate of 2 mm/min
determined the static friction, which is the lowest limit
for pull-out resistance. Main differences in the design of
biomechanical studies (bovine, porcine or human speci-
mens; bone blocks or tendon fixation, metal or absorb-
Figure 3 Load-displacement curve for a test with pull-out. Sudden load decrease when the graft bundles begin to slide through the tunnel, the 
load decreases continuously as the sliding progresses.
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different studies.
These loads are higher than the ones reported during
the activities of the initial stages of rehabilitation after
ACL surgery like isokinetic/isometric extension of the
knee [37] or quadriceps muscle pull against gravity [36];
in fact, the graft is loaded less than 500 N during daily liv-
ing activities [6,38,39].
These results confirm the importance of the length of
the interference screw. With longer screws it is easier to
place the insertion torque near of the joint line [11,13,40].
Some studies, however, showed little effect of the screw
length [9,11]. The effect of the screw diameter is another
Figure 4 Load-displacement curve for a test with elongation of tendons. Smooth load decrease when stretching of the graft begins, with rough 
and sudden load fall when the first breaking happens.
Table 1: Test results
Group Cases Tunnel Diam. Screw Diam Screw Length Mean Load St. Dev. Type of Failure Confidence Int. (95%)




















Characteristics of the groups, Obtained Mean Load with Standard Deviation, Type of Failure and Confidence Intervals for the mean value of the 
load at 95% (Student's t-test/normal distribution of the sample).
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was an evident improvement with wider screws, which
correlates with some other studies [41].
Morris et al. [10], in a porcine model, observed serious
damage in the graft due to cut-out with wider screws. In
our testing, we found no differences and there were no
evident damage to the graft with any of the screws, per-
haps because the shape of the screw is crucial in the
insertion and facilitates the implantation of wider screws
without graft damage. Weiler et al. [12] in a bovine model
concluded that increasing the length of the screw
improved tibial fixation more than oversizing the diame-
ter of the screw, but this study was done with 23 and 28
mm screws. In our model, for screws longer than 23 mm,
the improvement was more evident when oversizing the
screw (Table 1: Group 2 to Group 4 = + 87.09 N) than
when using a longer screw (Table 1: Group 2 to Group 3 =
+ 50.90 N).
As Buelow et al reported [42] the insertion of an inter-
ference screw not only compresses the graft in the tunnel
but also leads to an enlargement of the tunnel itself. The
use of wider screws determine the presence of wider tib-
ial tunnels in the postoperative period (in X-rays, CT or
MRI) but with no further enlargement and without any
effect in the outcome of the procedure.
Figure 5 Load evolution for every test group. Mean load and range of values for each group. Loads increase with the length and diameter of the 
screw.
Figure 6 Geometry of Biosteon® screw. A wedge tip cannulated 
screw. Distal diameter is smaller providing less contact with the graft 
and the tunnel. Inverted threads apply traction to the graft as the screw 
advances through the tunnel.
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screw should only be used in exceptional situations when
there is a very short tibial tunnel. With 28 mm screws and
an oversized diameter of +1 mm, traction forces higher
than 500 N are necessary to obtain some degree of slip-
page of the graft. With an increase in the length or the
diameter of the screw there isn't any kind of slippage,
even with loads higher than 600 N. These results are sim-
ilar or better than the ones obtained in previous studies
[10,12,41,43-45].
With this type of screw (Biosteon® Wedge Interference
Screw) and a minimal length of 28 mm, primary stability
of the graft is achieved and early mobilization of the knee
can be allowed. The resistance to traction forces achieved
is 200 N higher than the biomechanical requirements for
walking with monopodal weight bearing [44] and could
be enough for jumping. The use of 2 mm oversized
screws and the maximal length of the implant is recom-
mended to increase primary fixation.
Conclusions
1. Screws 1 mm wider than the tunnel with a minimal 
of 28 mm length resist loads higher than 500 N.
2. Longer and wider interference screws provide bet-
ter fixation in tibial ACL graft fixation.
3. Short screws (23 mm) do not achieve optimal fixa-
tion and should be implanted only under special 
requirements.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
AH conceived the design of this study, coordinated the work between sur-
geons and engineers and participated in the acquisition of data and in the
drawing up of the manuscript. FM conceived the design of the study, per-
formed the surgical preparation of the specimens and participated in the
acquisition of data and in the drawing up of the manuscript. DI assisted during
the surgical process and participated in the acquisition of data. JC prepared
and adapted the hardware for testing the specimens, performed the fatigue
tests, participated in the acquisition of data and in the interpretation of the
resulting curves. EI assisted during the mechanical testing and participated in
the acquisition of data. LG conceived the design of this study, coordinated the
work between surgeons and engineers and participated in the acquisition of
data and in the drawing up of the manuscript. All authors read and approved
the final manuscript.
Acknowledgements
The authors would like to acknowledge the contribution of José Alberto Villu-
endas in the logistic management of the specimens during the development 
of this study.
Author Details
1Department of Orthopaedic Surgery and Traumatology, Miguel Servet 
University Hospital, Zaragoza. Aragón Health Science Institute, Spain, 
2Department of Surgery, University of Zaragoza, Spain and 3Department of 
Mechanical Engineering, University of Zaragoza, Spain
References
1. Weiler A, ScheZer S, Hoher J: Transplant selection for primary 
replacement of the anterior cruciate ligament.  Orthopade 2002, 
8:731-740.
2. Anderson AF, Snyder RB, Lipscomb AB: Anterior cruciate ligament 
reconstruction using the semitendinosus and gracilis tendons 
augmented by the Losee iliotibial band tenodesis. A long-term study.  
Am J Sports Med 1994, 22:620-626.
3. Yasuda K, Kondo E, Ichiyama H, Kitamura N, Tanabe Y, Tohyama H, Minami 
A: Anatomic reconstruction of the anteromedial and posterolateral 
bundles of the anterior cruciate ligament using hamstring tendon 
grafts.  Arthroscopy 2004, 20:1015-1025.
4. Maletis GB, Cameron SL, Tengan JJ, Burchette RJ: A prospective 
randomized study of anterior cruciate ligament reconstruction: a 
comparison of patellar tendon and quadruple-strand semitendinosus-
gracilis tendons fixed with bioabsorbable interference screws.  Am J 
Sport Med 2007, 35:384-394.
5. Hamner DL, Brown CH Jr, Steiner ME, Hecker AT, Hayes WC: Hamstring 
tendon grafts for reconstruction of the anterior cruciate ligament: 
Biomechanical evaluation of the use of multiple strands and 
tensioning techniques.  J Bone J Surg 81A 1999, 4:549-557.
6. Noyes FR, Butler DL, Grood ES, et al.: Biomechanical analysis of human 
ligament grafts used in knee-ligament repairs and reconstructions.  J 
Bone Joint Surg 66A 1984:344-352.
7. Shelbourne KD, Klotz C: What I have learned about ACL: utilizing a 
progressive rehabilitation scheme to achieve total knee symmetry 
alter anterior cruciate ligament reconstruction.  J Orthop Science 2006, 
11:318-325.
Received: 3 March 2010 Accepted: 30 June 2010 
Published: 30 June 2010
This article is available from: http://www.biomedcentral.com/1471-2474/11/139© 2010 H rrera et l; licensee BioMed Central Lt . is an Open Access articl d stributed under th  terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.BMC Musculoskeletal Dis rders 2010, 11:139
Table 2: Statistical Analysis
Compared Groups Compared Screws Mean Difference Critical Difference P- Value Statistical Significance
1 2 9 × 23 9 × 28 268,613 N 45,466 N < 0,0001 Yes
1 3 9 × 23 9 × 35 319,512 N 45,466 N < 0,0001 Yes
1 4 9 × 23 10 × 28 355,700 N 45,466 N < 0,0001 Yes
1 5 9 × 23 10 × 35 369,550 N 45,466 N < 0,0001 Yes
2 3 9 × 28 9 × 35 50,900 N 45,466 N 0,0293 Yes
2 4 9 × 28 10 × 28 87,087 N 45,466 N 0,0004 Yes
2 5 9 × 28 10 × 35 100,938 N 45,466 N < 0,0001 Yes
3 4 9 × 35 10 × 28 36,188 45,466 N 0,1151 No
3 5 9 × 35 10 × 35 50,038 45,466 N 0,0320 Yes
4 5 10 × 28 10 × 35 13,850 45,466 N 0,5403 No
Post hoc pairwise comparison with the Fisher's protected least square difference test (PLSD).
Herrera et al. BMC Musculoskeletal Disorders 2010, 11:139
http://www.biomedcentral.com/1471-2474/11/139
Page 8 of 88. Kousa P, Järvinen TLN, Kannus P, Järvinen M: Initial fixation strength of 
bioabsorbable and titanium interference screws in anterior cruciate 
ligament reconstruction. Biomechanical evaluation by single cycle and 
cyclic loading.  Am J Sports Med 2001, 29:420-425.
9. Harvey AR, Thomas NP, Amis AA: The effect of screw length and position 
on fixation of four-stranded hamstring grafts for anterior cruciate 
ligament reconstruction.  Knee 2003, 10(1):97-102.
10. Morris MW, Williams JL, Thake AJ, Lang Y, Brown JN: Optimal screw 
diameter for interference fixation in a bone tunnel: a porcine model.  
Knee Surg Sports Traumatol Arthrosc 2004, 12(5):486-9.
11. Selby JB, Johnson DL, Hester P, Caborn DN: Effect of screw length on 
bioabsorbable interference screw fixation in a tibial bone tunnel.  Am J 
Sport Med 2001, 29(5):614-619.
12. Weiler A, Hoffman RFG, Siepe CJ, Kolbeck SF, Sudkamp NP: The influence 
of screw geometry on hamstring tendon interference fit fixation.  Am J 
Sports Med 2000, 28:356-9.
13. Phillips BB, Cain EL, Jeffrey A, Dlabach JA, Azar FM: Correlation of 
interference screw insertion torque with depth of placement in the 
tibial tunnel using a quadrupled semitendinosus-gracilis graft in 
anterior cruciate ligament reconstruction.  Arthroscopy 2004, 
20:1026-1029.
14. Steiner ME, Hecker AT, Brown CH, Hayes WC: Anterior cruciate ligament 
graft fixation. Comparison of hamstring and patellar tendon grafts.  
Am J Sports Med 1994, 22(2):240-246.
15. Woo SL, Zeminski J, Knaub MA, Kanamori A, Fu FH: Mechanical testing of 
anterior cruciate ligaments grafts.  Tech Orthop 1999, 14:2-13.
16. Markolf KL, Parck S, Jackson SR, McAlister DR: Simulated pivot-shift 
testing with single and double-bundle anterior cruciate ligament 
reconstructions.  J Bone J Surg Am 2008, 90:1681-1689.
17. Caborn DNM, Cohen M, Neef R, Hamilton D, Nylan J, Johnson DL: 
Quadrupled semitendinosus-gracilis autograft fixation in the femoral 
tunnel: A comparison between a metal and a bioabsorbable 
interference screw.  Arthroscopy 1998, 14(3):241-245.
18. Kousa P, Järvinen TLN, Pohjonen T, Kannus P, Kotikiski M, Järvinen M: 
Fixation strength of a biodegradable screw in anterior cruciate 
ligament reconstruction.  J Bone J Surg Br 77 B 1995:901-905.
19. Walton M: Absorbable and metal interference screws: Comparison of 
graft security during healing.  Arthroscopy 1999, 15(8):818-826.
20. Woo SL, Wu C, Dede O, Vercillo F, Noorani S: Biomechanics and anterior 
cruciate ligament reconstruction.  J Orthop Surg Res 2006, 25(1):2-11.
21. Shapiro JD, Jackson DW, Aberman HM, Lee TQ, Simon TM: Comparison of 
pullout strength for seven- and nine-millimetre diameter interference 
screw size as used in anterior cruciate ligament reconstruction 
arthroscopy.  Arthroscopy 1995, 11:596-599.
22. Zantop T, Weimann A, Schmidtko R, Herbort M, Raschke MJ, Petersen WD: 
Graft Laceration and Pullout Strength of Soft-Tissue AnteriorCruciate 
Ligament Reconstruction: In Vitro Study ComparingTitanium, Poly-D,L-
Lactide, and Poly-D,L-Lactide-Tricalcium Phosphate Screws.  
Arthroscopy 2006, 22:1204-1210.
23. Rodeo SA, Arnoczky SP, Torzilli PA, Hidaka C, Warren RF: Tendon-healing 
in a bone tunnel. A biomechanical and histological study in the dog.  J 
Bone Joint Surg Am 1993, 75:1795-1803.
24. Adam F, Pape D, Schiel K, Steimer O, Kohn D, Rupp S: Biomechanical 
properties of patellar and hamstring graft tibial fixation techniques in 
anterior cruciate ligament reconstruction.  Am J Sports Med 2004, 
32(1):71-78.
25. Brand JC Jr, Pienkowski D, Steenlage E, Hamilton D, Johnson DL, Caborn 
DNM: Interference screw fixation strength of a quadrupled hamstring 
tendon graft is directly related to bone mineral density and insertion 
torque.  Am J Sports Med 2000, 28:705-710.
26. Miller CM, Tibone JE, Hewitt M, Kharrazi DF, El Attrache NS: Interference 
screw divergence in femoral túnel fixation during endoscopic anterior 
cruciate ligament reconstruction using hamstring grafts.  Arthroscopy 
2002, 18(5):510-514.
27. Nurmi JT, Jarvinen TLN, Kannus P, Sievanen H, Toukosalo J, Jarvinen M: 
Compaction versus extraction drilling for fixation of the hamstring 
tendon graft in anterior cruciate ligament reconstruction.  Am J Sports 
Med 2002, 30:167-173.
28. Paschal SO, Seemann MD, Ashman RB, Allard RN, Montgomery JB: 
Interference fixation versus post fixation of bone-patellar tendon-bone 
grafts for anterior cruciate ligament reconstruction. A biomechanical 
comparative study in porcine knees.  Clin Orthop 1994, 300:281-287.
29. Matthews LS, Lawrence SJ, Yahiro MA, Sinclair MR: Fixation strengths of 
patellar tendon-bone grafts.  Arthroscopy 1993, 9:76-81.
30. Brown CH, Hecker AT, Hipp JA, Myers ER, Hayes WC: The biomechanics of 
interference screw fixation of patellar tendon anterior cruciate 
ligament grafts.  Am J Sports Med 1993, 21:880-886.
31. Kohn D, Rose C: Primary stability of interference screw fixation. 
Influence of screw diameter and insertion torque.  Am J Sports Med 
1994, 22:334-338.
32. Hulstyn M, Fadale PD, Abate J, Walsh WR: Biomechanical evaluation of 
interference screw fixation in a bovine patellar bone-tendon-bone 
autograft complex for anterior cruciate ligament reconstruction.  
Arthroscopy 1993, 9:417-424.
33. Jomha NM, Raso VJ, Leung P: Effect of varying angles on the 
pulloutstrength of interference screw fixation.  Arthroscopy 1993, 
9:580-583.
34. Nagarkatti DG, McKeon BP, Donahue BS, Fulkerson JP: Mechanical 
evaluation of a soft tissue interference screw in free tendon anterior 
cruciate ligament graft fixation.  Am J Sport Med 2001, 29(1):67-71.
35. Klein C, Patka P, Den Hollander V: Macroporous calcium phosphate bio-
ceramic in dog femora: a histological study of interface and 
biodegradation.  Biomaterials 1989, 10:59-62.
36. Rupp S, Krauss PW, Fritsch EW: Fixation strength of a biodegradable 
interference screw and a press-fit technique in anterior cruciate 
ligament reconstruction with a BPTB graft.  Arthroscopy 1997, 13:61-65.
37. Toutoungi DE, Lu TW, Leardini A, et al.: Cruciate ligament forces in the 
human knee during rehabilitation exercises.  Clin Biomech 2000, 
15:176-187.
38. Holden JP, Grood ES, Korvick DL, et al.: In vivo forces in the anterior 
cruciate ligament: Direct measurements during walking and trotting in 
a quadruped.  J Biomech 1994, 27:517-526.
39. Markolf KL, Burchfield DM, Shapiro MM, et al.: Biomechanical 
consequences of replacement of the anterior cruciate ligament with a 
patellar ligament allograft. Part II: Forces in the graft compared with 
forces in the intact ligament.  J Bone Joint Surg 1996, 78A:1728-1734.
40. Brown GA, Pena F, Grontvedt T, Labadie D, Engebretsen L: Fixation 
strength of interference screw fixation in bovine, young human, and 
elderly human cadaver knees: Influence of insertion torque, tunnel-
bone block gap, and interference.  Knee Surg Sports Traumatol Arthros 
1996, 3:238-244.
41. Namkoong S, Heywood CS, Bravman JT, Ieyasa K, Kummer FJ, Meislin RJ: 
The effect of interference screw diameter on soft tissue graft fixation.  
Bull Hosp Jt Dis 2006, 63(3-4):153-155.
42. Buelow JU, Siebold R, Ellermann A: A prospective evaluation of tunnel 
enlargement in anterior cruciate ligament reconstruction with 
hamstrings: extracortical versus anatomical fixation.  Knee Surg, Sports 
Traumatol, Arthrosc 2002, 10:80-85.
43. Brand JC, Nyland J, Caborn DN, Johnson DL: Soft-tissue interference 
fixation: bioabsorbable screw versus metal screw.  Arthroscopy 2005, 
21(8):911-916.
44. Nylan J, Kocabey Y, Caborn DN: Insertion torque pullout strength 
relationship of soft tissue tendon graft tibia tunnel fixation with a 
bioabsorbable interference screw.  Arthroscopy 2004, 20(4):379-384.
45. Simonian PT, Sussmann PS, Baldini TH, Crockett HC, Wickiewicz TL: 
Interference screw position and hamstring graft location for anterior 
cruciate ligament reconstruction.  Arthroscopy 1998, 14(5):459-464.
Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2474/11/139/prepub
doi: 10.1186/1471-2474-11-139
Cite this article as: Herrera et al., Fixation strength of biocomposite wedge 
interference screw in ACL reconstruction: effect of screw length and tunnel/
screw ratio. A controlled laboratory study BMC Musculoskeletal Disorders 2010, 
11:139
